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We report on the superconducting properties of AxFe2−ySe2 (A = Rb, K) single crystals studied
with the muon spin relaxation or rotation (µSR) technique. At low temperatures, close to 90%
of the sample volumes exhibit large-moment magnetic order which impedes the investigation of
their superconducting properties by µSR. On the other hand, about 10% of the sample volumes
remain paramagnetic and clearly show a superconducting response. The temperature dependence
of the superconducting carrier density was analyzed within the framework of a single s-wave gap
scenario. The zero-temperature values of the in-plane magnetic penetration depths λab(0) = 258(2)
and 225(2) nm and the superconducting gaps ∆(0) = 7.7(2) and 6.3(2) meV have been determined
for A = Rb and K, respectively. The microscopic coexistence and/or phase separation of supercon-
ductivity and magnetism is discussed.
The recent discovery of superconductivity in iron
selenide compounds AxFe2−ySe2 and (Tl,A)xFe2−ySe2
(where A = K, Rb, Cs),1–4 with transition temperatures
up to about 32 K, has led to a renewed interest in iron-
based chalcogenide systems. The average crystal struc-
ture of these materials is of the ThCr2Si2 type (space
group I4/mmm).5 A remarkable observation is that, be-
side the superconducting state, a strong antiferromag-
netic state with magnetic moments up to 3.3 µB per Fe
ion are observed below TN = 478 K, 534 K, and 559 K for
A = Cs, Rb, and K, respectively (see Refs. 6–9). Actu-
ally, the stoichiometry of the parent compound appears
to be near A0.8Fe1.6Se2 (hence the often used denomina-
tion “245”). Fe vacancy order has been found to occur
below a structural phase transition TS taking place well
above TN.
7,9,10
As the interplay with magnetism is thought to play
a major role in understanding the properties of the su-
perconducting state in iron-based systems, many stud-
ies have been devoted to this topic. The coexistence
of magnetism and superconductivity has been reported
in pnictide-“122” systems.11–13 A characteristic of this
iron-based family is that the temperature of the mag-
netic transition needs to decrease by doping or external
pressure prior to observing a superconducting state at
low temperature. Hence, it appears that in the pnictide-
122 systems static magnetism has to be destroyed by a
control parameter such as doping or pressure before su-
perconductivity can develop its full strength.14,15 On the
other hand, there are some indications that the interplay
in the chalcogenide iron-based systems might be rather
opposite in nature than the one observed in the pnic-
tides. Hence, an unusual behavior has been reported
in the FeSe1−x family under pressure, where one ob-
serves that both the magnetic16 and superconducting16,17
transition temperatures increase with increasing pressure
above 0.8GPa.
Hence, as a new iron-based chalcogenide superconduc-
tor family, the AxFe2−ySe2 systems have attracted many
studies focused on the understanding of the nature of the
interplay between the strong magnetic state occurring at
high temperature and the superconductivity in the same
samples. Muon spin relaxation or rotation µSR,8 trans-
port and magnetization,6 specific heat, magneto-optical
imaging,18 and Mo¨ssbauer19 spectroscopy suggest a mi-
croscopic coexistence and the bulk character of both the
strong antiferromagnetism and superconductivity. Some
studies claim that superconductivity only occurs in the
compositions when Fe content is compatible with a va-
cancy order pattern; the ground state of the material be-
comes metallic and superconductivity sets in.20 Alterna-
tively, others suggest that superconductivity is achieved
when the Fe vacancies are disordered and that supercon-
ductivity and magnetism occur in the same samples, but
microscopically separated.21 In this Rapid Communica-
tion, we report on µSR studies specifically devoted to
superconducting properties of the AxFe2−ySe2 systems,
shedding more light on the question of the bulk character
of the superconducting state at low temperatures.
Single crystals were grown from a melt using the Bridg-
man method.3 The homogeneity and elemental composi-
tion of cleaved crystals have been studied using x-ray
fluorescence spectroscopy (XRF; Orbis Micro-XRF Ana-
lyzer, EDAX), and were characterized by powder x-ray
diffraction using a D8 Advance Bruker AXS diffractome-
ter with Cu Kα radiation. The final compositions were
found to be Rb0.77Fe1.61Se2 and K0.74Fe1.66Se2. Mag-
netization and resistivity measurements have been per-
formed with a physical property measurement system
Quantum Design 9T.
For the µSR measurements, performed using the
transverse-field (TF) and zero-field (ZF) techniques, the
DOLLY instrument located on the piE1 beam line of the
Swiss Muon Source (Paul Scherrer Institute, Villigen,
Switzerland) was used. Measurements were performed
using a static helium flow cryostat between 2 and 40 K.
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FIG. 1: (a) Temperature dependence of the dc magnetic sus-
ceptibility obtained in a zero-field cooling (ZFC) procedure.
The data were obtained with an external magnetic field of
µ0Hext = 30 µT applied along the c-axis. (b) Zero field
(ZF) and (c) Transverse field (TF) µSR time spectra recorded
above and below Tc. The TF data have been obtained with
an external field of 0.07 T and in a field-cooling procedure.
(d) Fourier transform of the TF µSR spectra shown on panel
(c).
A first step of our study has been to elucidate the
superconducting properties of the AxFe2−ySe2 crystals
by performing in-plane zero-field-cooling (ZFC) mag-
netization measurements, shown in Fig. 1(a). Both
samples exhibit sharp superconducting transitions at
Tc = 31.0(2) K and 32.6(2) K for A = K and Rb,
respectively, and a nearly 100% Meissner screening is ob-
served. The values of the respective Tc are compatible
from the ones extracted by resistivity (not shown). How-
ever, as will be discussed below, the magnetization study
alone is necessary but not sufficient to claim a 100% su-
perconducting volume fraction,22 even though it is very
often used that way.
The first goal of our µSR study was to check the mag-
netic properties by the ZF and weak TF (wTF) tech-
nique. In agreement with our previous measurements,8
we observe that a large fraction of the µSR signal is wiped
out at very early time (i.e., t ≪ 0.1 µs), in the wTF as
well as in the ZF measurements, due to a large internal
field and/or a broad field distribution in the antiferro-
magnetic phase of the sample.23 From the wTF measure-
ments it is derived that this phase represents about 88%
and 89% of the sample volume for A = Rb and K, re-
spectively. The rest of the signal represents a fraction of
the sample remaining in a paramagnetic state below TN.
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FIG. 2: (a) Temperature dependence of σsc ∼ λ
−2
ab
and there-
fore of the superfluid density ns [see Eq.(2) and text] mea-
sured in an applied field of µ0Hext = 0.07 T. (b) Tempera-
ture dependence of the internal fieldBint sensed by the muons.
(c) Field dependence of the muon depolarization rate above
(40 K; open symbols) and below (2 K; closed symbols) Tc.
The external field was applied along the crystallographic c
axis.
This sample fraction is characterized by a weak muon de-
polarization which is found to be constant between 40 K
and 2 K [see for example the case of A = Rb on Fig. 1(b)].
This temperature independence of the ZF relaxation in-
dicates that 12% (11%) of the Rb (K) sample volume is
free of a magnetic transition at least down to 2 K.
This fraction of the sample remaining paramagnetic
below TN opens the possibility to study the supercon-
ducting state by µSR, using the µSR TF technique.24
The first step of our TF µSR measurements was to de-
termine the optimal external magnetic field Hext (with
Hext > Hc1) for which a maximal muon spin depolar-
ization rate (σsc, see below) occurs due to the build-up
of a Flux Line Lattice (FLL) in the mixed state of the
superconductor.25 The field dependence of σsc was ob-
tained upon field cooling from above Tc down to 2 K for
each data point [see Fig. 2(c)]. For both Rb and K sys-
tems, the optimum field is above 0.07 T and a complete
temperature scan was performed with this external field
applied along the c axis. Typical µSR spectra, as well
as the corresponding Fourier transforms, are reported in
the panels (c) and (d) of Fig. 1 for A = Rb.
The TF-µSR time spectra were analyzed using a two-
Gaussian depolarization function:
3A0P (t) = Asc exp
(
− (σ
2
sc + σ
2
n)t
2
2
)
cos(γµBintt+ ϕ)
+Abg exp
(
−
σ2bgt
2
2
)
cos(γµBbgt+ ϕ) , (1)
where Asc is an initial asymmetry, Bint represents the
internal magnetic field at the muon site, and σsc is the
Gaussian relaxation rate reflecting the second moment
of the magnetic field distribution due to the FLL in the
mixed state. σn, representing the depolarization due to
the nuclear magnetic moments, is taken from the fits
above Tc and considered as temperature independent
down to 2 K. The second term of Eq. (1) represents a
background signal (bg) corresponding to muons stopping
in the cryostat walls; Abg, σbg and Bbg denote the initial
asymmetry (about 18% of A0), the relaxation rate and
magnetic field (which has essentially the value of the ex-
ternal field) sensed by muons stopped in the background.
Due to the very high damping signal occurring in the
antiferromagnetic phase of the sample8 one is unable to
measure any superconducting response for this fraction.
However, as discussed below, this does not exclude that
such a phase presents also a superconducting state.
Figure 2(a) exhibits for both systems the temperature
dependence of the muon depolarization rate σsc reflect-
ing the field distribution created by the FLL. The tem-
perature dependence of the average value of the internal
field Bint sensed by the muon ensemble is reported in
Fig. 2(b). A clear diamagnetic response of the samples
is observed below Tc. Considering an extreme-type-II
superconductor, one can evaluate the London magnetic
penetration depth λ and superfluid density ns from the
second moment of the magnetic field distribution inside
the sample in the mixed SC state, or alternatively, from
the Gaussian muon spin depolarization rate σsc:
25
σ2sc(T )
γ2µ
= 0.00371
Φ20
λ4ab(T )
, (2)
where Φ0 = 2.068×10−15 Wb is the magnetic flux quan-
tum, and γµ/2pi = 135.5 MHz T
−1 is the muon gyro-
magnetic ratio (note that as the external field is ap-
plied along the c axis; we are probing the penetration
depth λab in the basal plane). In turn, from the temper-
ature dependence of λab, one obtains the temperature
evolution of the superfluid density ns as ns(T )/ns(0) =
λ−2ab (T )/λ
−2
ab (0). Here we would like to mention that
the described analysis neglects any additional contribu-
tion to the µSR relaxation rate due to possible FLL dis-
order or induced magnetism.26 Therefore the extracted
value of the penetration depth represents a lower limit.
The temperature dependence of ns was analyzed within
the framework of a BCS single s-wave symmetry super-
conducting gap ∆.27,28 The results of the analysis for
AxFe2−ySe2 (A = K, Rb) are reported in Fig. 2(a). The
solid line represents the fit of a simple s-wave model to
TABLE I: List of the parameters obtained from the analysis
of the temperature dependence of ns.
Rb0.77Fe1.61Se2 K0.74Fe1.66Se2 Unit
Tc 32.6(2) 31.0(2) K
λab(0) 258(2) 225(2) nm
∆(0) 7.7(2) 6.3(2) meV
2∆(0)/kBTc 5.5(2) 4.7(2)
the data. Due to the flattening of σsc(T ) below Tc/2 a
clean d-wave model is incompatible with the data. Note
that a two gap (s+s) as well as an anisotropic s-wave sce-
nario provides also a satisfactory χ2 fitting criteria. The
parameters extracted from the fitting procedure using the
simplest s-wave model are summarized in Table I. The
observed values of 2∆(0)/kBTc indicate that AxFe2−ySe2
systems are in the strong-coupling limit.
The reader should keep in mind that the penetration
depth obtained from the data analysis corresponds to the
paramagnetic fraction representing about 12% of a total
sample volume. We note that NMRmeasurements29 gave
λ = 290 nm, which is also almost certainly representative
for the paramagnetic fraction only since the NMR signal
from the strong antiferromagnetic regions of the sample
is probably wiped out. On the other hand, macroscopic
magnetization30 and torque31 measurements give a con-
siderably longer λ = 580 and 1800 nm, respectively, since
they probably reflect a kind of average over the whole
sample. Our analysis provides also a slightly lower value
of the superconducting gap than the one measured by
the ARPES technique32 (isotropic superconducting gap
of 10.3 meV).
Figure 2(c) shows the field dependence at 2 K of the
muon depolarization rate obtained upon field cooling
from above Tc down to base temperature. Above µ0Hext
= 0.07 T, σsc decreases only very slightly indicating a
high value of the critical field Hc2. Previous measure-
ments reported values on the order of µ0H
c
c2(0) = 60 T for
Rb0.88Fe1.76Se2 (Ref. 4) and for K0.8Fe1.81Se2 (Ref. 33).
The solid lines in Fig. 2(c) correspond to a fit based on
the numerical Ginzburg-Landau model (NGL) with the
local (London) approximation (λ ≫ ξ; ξ is the coher-
ence length)25 for both systems. This model describes
the magnetic field dependence of the second moment
of the field distribution created by the FLL and there-
fore the field dependence of the µSR depolarization rate.
Fixing the value of µ0Hc2(2K) = 55 T found in the
literature4,33 and considering λab as a free parameter,
we get λab(2K) = 246(1) and 221(3) nm for A = Rb and
K, respectively. These values are in good agreement with
the values obtained by studying the temperature depen-
dence of the muon depolarization rate (see Table I).
Since the observation of strong magnetism (mFe > 2µB
and TN = 478 K)
8 in one of the members of the newly
discovered AxFe2−ySe2 superconductors, the most in-
4triguing question to answer by theory as well as by exper-
imental observation is whether or not superconductivity
and magnetism may coexist microscopically or whether
they live apart together in the same sample but in a
phase-separated manner. Unfortunately experimental
techniques that simultaneously can measure strong mag-
netism and superconductivity locally are lacking. There-
fore conclusions have to be drawn from a combination
of observations obtained from two or more experimental
methods. There are good arguments for both scenarios.
First we will summarize a few arguments in favor of bulk
superconductivity.
In a first step we will discuss techniques that provide
macroscopic information on the superconducting state.
In the majority of the reports on the superconduct-
ing properties of the new compounds a 100% Meissner
screening is observed by magnetization measurements,
for a great variety of compounds (see, e.g., Ref. 6). Even
a decent diamagnetic screening is sometimes observed in
field-cooled magnetization experiments.34 Also a sizable
peak is observed in specific-heat measurements18,35,36
at the superconducting Tc. A superconducting volume
fraction of 92 - 98% is estimated from the specific-heat
data by comparing the zero-temperature residual and the
normal-state Sommerfeld coefficients.35 These two differ-
ent macroscopic observations in favor of bulk supercon-
ductivity can anyhow be questioned. In samples showing
a 100% Meissner response, anomalies in the magnetic
hysteresis loop were found that can be understood in the
picture that superconductivity in the sample is percola-
tive with weakly coupled superconducting islands.22 The
interpretation of specific-heat data in view of the super-
conducting volume fraction is dangerous since it relies
on the determination of the electronic Sommerfeld coef-
ficient which is assumed to be the same for the whole
sample. This assumption might anyhow not be valid for
a potential phase separation into metallic and insulat-
ing volumes. Strong evidence for bulk superconductiv-
ity comes from magneto-optical imaging18 of a uniform
flux distribution after the sample was cooled in a field
which was switched off at low temperatures. This is
consistent with the bulk superconducting nature of the
sample and shows that it is not filamentary or phase
separated.18 Further, different magnetization measure-
ments yield a rather large µ0Hc1 = 13 mT and a cor-
responding magnetic penetration depth of λ = 580 nm30
which is hard to understand for filamentary supercon-
ductivity. On the other hand, in the samples showing
indications of bulk superconductivity, i.e., 100% Meiss-
ner screening, neutron scattering experiments observe a
block spin antiferromagnetic ordering without traces of
a secondary phase, suggesting a microscopic coexistence
of magnetism and superconductivity.7,9,10 Another ar-
gument for a microscopic coexistence comes from two-
magnon Raman scattering.37 The intensity of the two-
magnon peak which reflects directly magnetic order un-
dergoes a clear, steplike reduction on entering the super-
conducting phase which suggests a microscopic coexis-
tence of antiferromagnetic order and superconductivity.
Recent inelastic neutron scattering studies38 observed a
magnetic resonant mode below Tc in the Rb2Fe4Se5 sys-
tem. Such observation also suggests that bulk SC coex-
ists with
√
5×
√
5 magnetic superstructure.
There are several experiments revealing different
kinds of phase separation in different AxFe2−ySe2
compounds. Depending on the experimental tech-
nique they are able to directly detect a struc-
tural, non-superconducting/superconducting or a mag-
netic/nonmagnetic phase separation. The determination
of a magnetic/superconducting phase separation by these
techniques is anyhow only possible on the basis of plausi-
ble arguments. Transmission electron microscopy (TEM)
reveals a rich variety of microstructures related to Fe va-
cancy order.39 The superconducting samples clearly ap-
pear to be phase separated suggesting that the super-
conducting phase could have a Fe vacancy disordered
state. Similarly, scanning nanofocus single-crystal x-ray
diffraction40 reveals a structural phase separation in do-
mains with a compressed and an expanded lattice struc-
ture where the latter might be associated with a mag-
netic phase adopting a Fe vacancy ordered structure. On
the contrary, scanning tunneling microscopy (STM) able
to detect local structural and electronic properties indi-
cates a microscopic coexistence of superconductivity and
a
√
2×
√
2 charge modulation likely caused by block-spin
antiferromagnetic ordering.41 It should be noted anyhow
that the STM measurements did not observe the usually
observed Fe vacancy ordering pattern (which according
to neutron measurements exhibits a block-spin antiferro-
magnetic state) but rather a vacancy-free FeSe layer and
therefore there might be as well two different magnetic
structures.
Optical spectroscopy observes a Josephson-coupling
plasmon of superconducting condensate.42 This together
with a TEM analysis suggests a nanoscale stripe-type
phase separation between superconductivity and insulat-
ing phases. In addition, optical conductivity measure-
ments in the THz region observe a very low charge car-
rier density in favor of a phase-separated picture with a
minor metallic and a dominant semiconducting phase.43
Local probe techniques such as µSR (our present and
earlier studies8) and Mo¨ssbauer19,44,45 show a phase sep-
aration into a 85–95 % major magnetic and a 15–5 %
minor nonmagnetic volume fraction. The paramagnetic
fraction studied by µSR gives a typical response of su-
perconducting character. Based on the experimental re-
sults one can suppose that (i) only the antiferromagnetic,
(ii) only the paramagnetic, or (iii) both regions are su-
perconducting. The experimental evidence here strongly
excludes the first case. On the other hand, the second
scenario is challenged by many experimental results men-
tioned above. Unfortunately, the µSR technique alone is
unable to exclude the second and third scenarios because
of a very high damped muon polarization signal coming
from the large antiferromagnetic fraction. Since both sce-
narios have their own experimental support the question
5remains open and should trigger further studies of these
systems.
In this study we showed that all our AxFe2−ySe2 sam-
ples exhibit a paramagnetic volume fraction of about
12%. The µSR signal of this fraction exhibits a rather
weak ZF depolarization indicating that the paramagnetic
islands are rather large, probably >100 nm. The super-
conducting response obtained by TF µSR is typical for a
FLL of type-II superconductors again indicating param-
agnetic grains larger than the distance of the flux lines.
The temperature dependence of the superfluid density
was described by a single s-wave gap model with zero-
temperature values of the in-plane magnetic penetration
depth λab(0) = 258(2) and 225(2) nm and superconduct-
ing gaps ∆(0) = 7.7(2) and 6.3(2) meV for A = Rb and
K, respectively.
The µSR experiments were performed at the Swiss
Muon Source, Paul Scherrer Institut, Villigen, Switzer-
land. The authors thank the Sciex-NMSch (Project Code
10.048) and NCCR MaNEP for support of this study.
∗ Corresponding author: zurab.shermadini@psi.ch
1 M. Fang, C. Wang, H. Dong, Z. Li, C. Feng, J. Chen,
and H. Q. Yuan, Europhys. Lett. 94, 27009 (2010), URL
http://iopscience.iop.org/0295-5075/94/2/27009.
2 J. Guo, S. Jin, G. Wang, S. Wang, K. Zhu, T. Zhou,
M. He, and X. Chen, Phys. Rev. B 82, 180520 (2010), URL
http://link.aps.org/doi/10.1103/PhysRevB.82.180520 .
3 A. Krzton-Maziopa, Z. Shermadini, E. Pom-
jakushina, V. Pomjakushin, M. Bendele, A. Am-
ato, R. Khasanov, H. Luetkens, and K. Conder, J.
Phys.: Condens. Matter 23, 052203 (2011), URL
http://iopscience.iop.org/0953-8984/23/5/052203/.
4 A. F. Wang, J. J. Ying, Y. J. Yan, R. H. Liu, X. G.
Luo, Z. Y. Li, X. F. Wang, M. Zhang, G. J. Ye,
P. Cheng, et al., Phys. Rev. B 83, 060512 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.060512 .
5 M. Rotter, M. Tegel, and D. Johrendt,
Phys. Rev. Lett. 101, 107006 (2008), URL
http://link.aps.org/doi/10.1103/PhysRevLett.101.107006 .
6 R. H. Liu, X. G. Luo, M. Zhang, A. F. Wang, J. J. Ying,
X. F. Wang, Y. J. Yan, Z. J. Xiang, P. Cheng, G. J. L.
Z. Y. Ye, et al., Europhys. Lett. 94, 27008 (2011), URL
http://iopscience.iop.org/0295-5075/94/2/27008.
7 V. Y. Pomjakushin, E. V. Pomjakushina, A. Krzton-
Maziopa, K. Conder, and Z. Shermadini, J.
Phys.: Condens. Matter. 23, 156003 (2011), URL
http://iopscience.iop.org/0953-8984/23/15/156003.
8 Z. Shermadini, A. Krzton-Maziopa, M. Bendele,
R. Khasanov, H. Luetkens, K. Conder, E. Pom-
jakushina, S. Weyeneth, V. Pomjakushin, O. Bossen,
et al., Phys. Rev. Lett. 106, 117602 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevLett.106.117602 .
9 B. Wei, H. Qing-Zhen, C. Gen-Fu, M. A. Green,
W. Du-Ming, H. Jun-Bao, and Q. Yi-Ming,
Chinese Phys. Lett. 28, 086104 (2011), URL
http://iopscience.iop.org/0256-307X/28/8/086104.
10 V. Y. Pomjakushin, D. V. Sheptyakov, E. V.
Pomjakushina, A. Krzton-Maziopa, K. Con-
der, D. Chernyshov, V. Svitlyk, and Z. Sher-
madini, Phys. Rev. B 83, 144410 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.144410 .
11 R. Khasanov, D. V. Evtushinsky, A. Amato,
H.-H. Klauss, H. Luetkens, C. Niedermayer,
B. Bu¨chner, G. L. Sun, C. T. Lin, J. T. Park,
et al., Phys. Rev. Lett. 102, 187005 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevLett.102.187005 .
12 J. T. Park, D. S. Inosov, C. Niedermayer, G. L.
Sun, D. Haug, N. B. Christensen, R. Din-
nebier, A. V. Boris, A. J. Drew, L. Schulz,
et al., Phys. Rev. Lett. 102, 117006 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevLett.102.117006.
13 S. Sanna, R. De Renzi, G. Lamura, C. Ferdegh-
ini, A. Palenzona, M. Putti, M. Tropeano, and
T. Shiroka, Phys. Rev. B 80, 052503 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevB.80.052503.
14 A. D. Christianson, M. D. Lumsden, S. E. Na-
gler, G. J. MacDougall, M. A. McGuire, A. S.
Sefat, R. Jin, B. C. Sales, and D. Mandrus,
Phys. Rev. Lett. 103, 087002 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevLett.103.087002.
15 D. K. Pratt, W. Tian, A. Kreyssig, J. L. Zarestky,
S. Nandi, N. Ni, S. L. Bud’ko, P. C. Can-
field, A. I. Goldman, and R. J. McQueeney,
Phys. Rev. Lett. 103, 087001 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevLett.103.087001.
16 M. Bendele, A. Amato, K. Conder, M. Elen-
der, H. Keller, H.-H. Klauss, H. Luetkens,
E. Pomjakushina, A. Raselli, and R. Khasanov,
Phys. Rev. Lett. 104, 087003 (2010), URL
http://link.aps.org/doi/10.1103/PhysRevLett.104.087003.
17 S. Margadonna, Y. Takabayashi, Y. Ohishi, Y. Mizuguchi,
Y. Takano, T. Kagayama, T. Nakagawa, M. Takata,
and K. Prassides, Phys. Rev. B 80, 064506 (2009), URL
http://link.aps.org/doi/10.1103/PhysRevB.80.064506.
18 R. Hu, K. Cho, H. Kim, H. Hodovanets, W. E. Straszheim,
M. A. Tanatar, R. Prozorov, s. L. Bud’ko, and P. C. Can-
field, Supercond. Sci. Technol. 24, 065006 (2011), URL
http://iopscience.iop.org/0953-2048/24/6/065006.
19 D. H. Ryan, W. N. Rowan-Weetaluktuk, J. M. Cado-
gan, R. Hu, W. E. Straszheim, S. L. Bud’ko, and
P. C. Canfield, Phys. Rev. B 83, 104526 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.104526.
20 W. Bao et al., arXiv:1102.3674v1 (2011).
21 F. Han et al., arXiv:1103.1347v1 (2011).
22 B. Shen, B. Zeng, G. F. Chen, J. B. He, D. M. Wang,
H. Yang, and H. H. Wen, EPL 96, 37010 (2011), URL
http://iopscience.iop.org/0295-5075/96/3/37010 .
23 Z. Shermadini et al., (in preparation).
24 J. E. Sonier, J. H. Brewer, and R. F.
Kiefl, Rev. Mod. Phys. 72, 769 (2000), URL
http://link.aps.org/doi/10.1103/RevModPhys.72.769.
25 E. H. Brandt, Phys. Rev. B 68, 054506 (2003), URL
http://link.aps.org/doi/10.1103/PhysRevB.68.054506.
26 J. E. Sonier, W. Huang, C. V. Kaiser, C. Cochrane,
V. Pacradouni, S. A. Sabok-Sayr, M. D. Lums-
den, B. C. Sales, M. A. McGuire, A. S. Sefat,
et al., Phys. Rev. Lett. 106, 127002 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevLett.106.127002.
627 The temperature dependence of the superfluid den-
sity were analyzed with the fitting package mus-
rfit developed by A. Suter and B. Wojek., URL
http://lmu.web.psi.ch/facilities/software/musrfit/user/MUSR/WebHome.html .
28 M. Tinkham, Introduction to Superconductivity (McGraw-
Hill Inc. New York, 1996).
29 D. A. Torchetti, M. Fu, D. C. Christensen,
K. J. Nelson, T. Imai, H. C. Lei, and C. Petro-
vic, Phys. Rev. B 83, 104508 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.104508 .
30 M. I. Tsindlekht, I. Felner, M. Zhang, A. F. Wang,
and X. H. Chen, Phys. Rev. B 84, 052503 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.84.052503 .
31 S. Bosma, R. Puzniak, A. Krzton-Maziopa, M. Ben-
dele, E. Pomjakushina, K. Conder, H. Keller, and
S. Weyeneth, Phys. Rev. B 85, 064509 (2012), URL
http://link.aps.org/doi/10.1103/PhysRevB.85.064509 .
32 Y. Zhang, L. X. Yang, M. Xu, Z. R. Ye, F. Chen,
C. He, H. C. Xu, J. Jiang, B. P. Xie, J. J. Ying,
et al., Nature Materials 273, 10 (2011), URL
http://www.nature.com/nmat/journal/v10/n4/full/nmat2981.html.
33 E. D. Mun, M. M. Altarawneh, C. H. Mielke,
V. S. Zapf, R. Hu, S. L. Bud’ko, and P. C.
Canfield, Phys. Rev. B 83, 100514 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.100514 .
34 J. J. Ying, X. F. Wang, X. G. Luo, A. F. Wang,
M. Zhang, Y. J. Yan, Z. J. Xiang, R. H. Liu, P. Cheng,
G. J. Ye, et al., Phys. Rev. B 83, 212502 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.212502 .
35 V. Tsurkan, J. Deisenhofer, A. Gu¨nther,
H.-A. Krug von Nidda, S. Widmann, and
A. Loidl, Phys. Rev. B 84, 144520 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.84.144520 .
36 B. Zeng, B. Shen, G. F. Chen, J. B. He, D. M. Wang, C. H.
Li, and H. H. Wen, Phys. Rev. B 83, 144511 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.144511.
37 A. M. Zhang, J. H. Xiao, Y. S. Li, J. B. He, D. M. Wang,
G. F. Chen, B. Normand, Q. M. Zhang, and T. Xiang,
ArXiv e-prints (2011), 1106.2706.
38 J. T. Park, G. Friemel, Y. Li, J.-H. Kim,
V. Tsurkan, J. Deisenhofer, H.-A. Krug von
Nidda, A. Loidl, A. Ivanov, B. Keimer, et al.,
Phys. Rev. Lett. 107, 177005 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevLett.107.177005.
39 Z. Wang, Y. J. Song, H. L. Shi, Z. W. Wang, Z. Chen,
H. F. Tian, G. F. Chen, J. G. Guo, H. X. Yang,
and J. Q. Li, Phys. Rev. B 83, 140505 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.83.140505.
40 A. Ricci, N. Poccia, G. Campi, B. Joseph, G. Arrighetti,
L. Barba, M. Reynolds, M. Burghammer, H. Takeya,
Y. Mizuguchi, et al., Phys. Rev. B 84, 060511 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.84.060511.
41 P. Cai, C. Ye, W. Ruan, X. Zhou, A. Wang, M. Zhang,
X. Chen, and Y. Wang, ArXiv e-prints (2011), 1108.2798.
42 R. H. Yuan, T. Dong, Y. J. Song, G. F. Chen, J. P. Hu,
J. Q. Li, and N. L. Wang, Sci. Rep. 2, 221 (2011).
43 A. Charnukha et al., arXiv:1108.5698v1 (2011).
44 V. Ksenofontov, G. Wortmann, S. A. Medvedev,
V. Tsurkan, J. Deisenhofer, A. Loidl, and
C. Felser, Phys. Rev. B. 84, 180508 (2011), URL
http://link.aps.org/doi/10.1103/PhysRevB.84.180508.
45 I. Nowik, I. Felner, M. Zhang, A. F. Wang,
and X. H. Chen, Superconductor Science
and Technology 24, 095015 (2011), URL
http://iopscience.iop.org/0953-2048/24/9/095015/.
